We analyzed the influence of environmental temperature (open versus shaded habitat) and experimental food availability on surface activity of the degu (Octodon degus), a day-active herbivorous rodent that inhabits central Chile. We manipulated food availability and compared open and shaded study plots to determine the influence of thermal conditions on aboveground activity. Degus displayed a bimodal pattern of daily activity during relatively warmer thermal conditions in the austral autumn, whereas activity was unimodal during colder conditions in winter. However, they had a unimodal activity pattern under warm conditions in the shade when food availability was artificially enhanced in autumn. We observed more animals active in the plots where food was supplemented under all conditions. Our results illustrate spatial and temporal shifts in activity of degus involving a tradeoff based on avoidance of exposure to heat and the search for food.
Use of time and energy by any organism is affected differentially by biotic and abiotic factors (Mysterud and Ims 1998; Partridge 1978) . Biotic factors such as predation risk and food availability are known to affect activity times (Belovsky and Slade 1986; Brown 1999 ) and space use (Kotler and Blaustein 1995; Lagos et al. 1995a ). However, environmental temperatures probably represent the most conspicuous abiotic factor affecting time and energy budgets (Huey 1991) . Environmental temperatures may also constrain microhabitat use in small endotherms, and daily, seasonal, and spatial variations in temperature may set limits to the use of both space and time (Belovsky and Slade 1986; Kenagy et al. 2002a; Melcher et al. 1990 ). Studies conducted with small mammals have reported that activity time (Belovsky 1984a (Belovsky , 1984b * Correspondent: fbozinov@genes.bio.puc.cl Bartholomew 1981a, 1981b) and microhabitat use (Belovsky and Slade 1986) are dependent on thermoregulatory balance. Thermoregulatory costs may limit space use, patch exploitation, and activity time (Bozinovic and Vásquez 1999) because a given habitat might present excessive heat loads or losses during some periods of the day (Belovsky and Slade 1986) .
The degu (Octodon degus) is a day-active herbivorous rodent that inhabits semiarid environments of central Chile (Kenagy et al. 2002b; Lagos et al. 1995a Lagos et al. , 1995b Vásquez 1996) . Kenagy et al. (2002b) reported daily and seasonal patterns of surface activity time, with a completely bimodal pattern during spring, summer, and autumn and a unimodal pattern in winter. Previous laboratory studies suggested that the degu's narrow physiological thermal tolerance at high environmental temperatures (Rosenmann 1977 ) might limit both spatial and temporal patterns of microhabitat use (Bozinovic et al. 1995 (Bozinovic et al. , 2000 . In addition, the low capacity of degus to use evaporative cooling has been proposed to limit its space use (Cortés et al. 1988; Lagos et al. 1995a; Rosenmann 1977) . In the present study, we examined the influence of spatial variation in thermal cover (open versus shaded areas) and food availability on time and space use by degus. Specifically we addressed the following questions: Is microhabitat selection constrained by thermal exposure? Do the observed responses vary seasonally? Can we demonstrate a trade-off between food availability and thermal exposure?
MATERIALS AND METHODS
Fieldwork was conducted in the austral autumn, with behavioral observations on 6, 12, and 13 April and 7, 8, and 9 June 1999, in Quebrada de la Plata (33Њ29ЈS, 70Њ56ЈW), 30 km W of Santiago, Chile. The April dates were about 3 weeks after the autumnal equinox, and the June dates about 2 weeks before the winter solstice; we considered these to be representative of autumn and winter periods, respectively.
We selected 4 contiguous, quadrilateral grassy plots characteristic of central Chilean matorral, 2 of which were entirely open (no shrubs or trees) and 2 of which contained small, 1-to 4-m tall acacia trees (Acacia caven) that provided considerable shade cover for degus while they were active on the surface. The 1st plot (shaded; 431 m 2 ) contained 36 small trees; the 2nd plot (488 m 2 ) contained no trees; the 3rd plot (395 m 2 ) also contained no trees; and the 4th plot (526 m 2 ) had 7 larger trees. The particular layout of the 4 plots was selected to allow visual counting and observation of active degus in all 4 areas from a single vantage point.
To determine the combined effects of shade and experimental food availability on surface activity of degus, we distributed 5 kg of wheat seeds on the 1st and 3rd plots 2 days prior to the start of each set of behavioral observations of degu activity. Thus, our design consisted of 4 similar-sized plots, each having different characteristics of food availability and shade cover. In the same order as listed above, these were as follows: shaded ϩ food; open ϩ no food; open ϩ food; and shaded ϩ no food. We measured the relative area covered by acacia trees, using three 50-m transects across the area (Bullock 1996) . To determine productivity of grasses and herbs in the study area and to compare this between seasons, we used three 50-m productivity sampling transects across open and shaded plots, from each of which we collected 11 samples within a 100-cm 2 grid. Each sample included the top 1 cm of soil. Samples were transported to the laboratory, the organic material was separated and dried at 60ЊC for 5 days, and dry mass weight was determined.
We quantified surface activity (i.e., number of sightings of active degus) in relation to time of day by counting degus on the 6 days in April and June. We used binoculars to count the number of degus active in each of the 4 plots over each 20-min interval, observing shortly before sunrise to shortly after sunset in a blind about 100 m away from the plots. Day length (sunrise to sunset) in April averaged 11.43 h (0700-1826) and in June 10.06 h (0738-1742).
Environmental temperatures were recorded using a data logger (LICOR model LI-1400, 91100-50, LI-COR, Inc., Lincoln, Nebraska) with a thermistor for air temperature (T a ) and a Digi SENSE (Cole Parmer Instrument Company, Vernon Hills, Illinois) data logger with a copper-constantan thermocouple for operative environmental temperature (T e ). Data were transferred to a computer for analysis. T e was measured inside a hollow, mounted skin of a degu prepared in the normal quadrupedal stance as a ''thermal mannequin,'' as described by Bennett et al. (1984) . T e was obtained under open solar radiation in open plots, with occasional adjustments to the mannequin to maintain approximately perpendicular orientation to incoming solar radiation. To obtain a measurement approximating T e in the shade of the acacias, we recorded air temperature beneath a large tree with a thermistor mounted at 40 cm height above the surface in a white, shaded hood maintained within the zone of shade. From these records of environmental temperatures, we extracted intervals of time during each day that corresponded to 5ЊC ranges of T e : 5-10ЊC, 10-15ЊC, etc., and we analyzed the presence or absence of animals in relation to these intervals of T e .
Statistical analyses were performed using the STATISTICA statistical package for Windows 95 (StatSoft, Inc. 1997) . Data were analyzed us-
FIG. 1.-Activity of degus (Octodon degus)
and environmental temperatures throughout the day in April (austral autumn). Activity, measured as number of degus seen in 20-min intervals over 3 days, is shown by vertical bars (right y-axis). The 4 panels show results for the 4 contiguous plots (see text for description). Solid curves (left y-axis) are air temperatures at a 40-cm height in the shaded plots and temperature (T e , operative environmental temperature) of a degu thermal mannequin in the open plots. Sample size, n, is total number of active animals observed for each treatment. Values are means Ϯ SE over 3 days of observation.
ing log-linear analysis, using habitat (covered or open) and food availability (present or absent) as independent variables, and the number of individuals in each plot as the response variable. April versus June analyses were carried out separately depending on thermal conditions (T e Ͻ 37ЊC and T e Ͼ 37ЊC, from the actual body temperature described for this species -Rosenmann 1977) . Differences in productivity between habitat and seasons were determined using a Student's t-test. Results are given as mean Ϯ SE.
RESULTS
Coverage by small trees (A. caven) amounted to 27.9% Ϯ 8.2 in the 2 covered plots and was totally absent in the 2 open plots. These values remained unchanged during the 2 periods of study, April and June.
The natural coverage of herbs and grasses was consistently greater in the 2 plots with acacia cover than in the 2 open plots, and this did not change between April (t ϭ Ϫ6.38, P Ͻ 0.0001) and June (t ϭ Ϫ4.54, P Ͻ 0.0001). The April mean biomass in covered plots was 5.7 g/100 cm 3 Ϯ 4.1, and in the open plots 1.0 Ϯ 0.8 g/100 cm 3 ; in June, the values were 5.4 Ϯ 4.1 g/100 cm 3 in the covered plots and 1.8 Ϯ 1.9 g/100 cm 3 in the open. Although no change in mean biomass occurred from April to June in covered areas (t ϭ 0.37, P Ͼ 0.706), increase of biomass in the open plots was significant (t ϭ Ϫ2.16, P Ͻ 0.035).
April observations (warmer season).-Air temperatures in the shade (T a ) ranged from 12.4 Ϯ 0.9ЊC to 26.2 Ϯ 1.0ЊC, with a mean of 21.9 Ϯ 4.2ЊC. T e of the thermal mannequin in the open showed a broader range, from 17.4ЊC (single-day minimum) to 46.8 Ϯ 2.0ЊC, with a mean of 36.4 Ϯ 10.3ЊC. Air temperature in the shaded areas remained well below natural body temperature (T b ) of degus (37ЊC), whereas in the open areas T e was generally higher than T b between 1000 and 1600 h (Fig. 1) .
Daily activity patterns differed among the 4 plots in April, generally falling into 2 major bouts (bimodal pattern), except for the shaded plot with supplemental food, which showed intense and continuous activity throughout the day (Fig. 1) . In general, the surface activity of individuals in the warmer season of April (combined for all 4 plots) showed a minimal distribution in lower ranges of environmental temperature, with an increase to a peak in the 20-25ЊC range (Fig. 2A) . This peak occurred above the thermal range of maximal availability ( Fig. 2A) . When environmental temperatures (both T e and T a ) were less than body temperature (T b ϭ 37ЊC), we found that activity (presence of degus) was affected by both presence or absence of cover and food (maximum likelihood 2 ϭ 3.833, d.f. ϭ 5, P Ͼ 0.05). The overall numbers of individuals in shaded areas were 34% greater than in open areas, whereas number of degus in food-supplemented areas was slightly greater than 3 times as many as in nonsupplemented areas. When T e was greater than T b , 85% of degus were recorded in shaded habitats and in those with supplemental food (maximum likelihood 2 ϭ 5.252, d.f. ϭ 5, P Ͼ 0.05).
June observations (cooler season, winter solstice).-All temperatures were lower near the winter solstice, and shaded air temperatures (T a ) ranged from 5.9 Ϯ 2.4ЊC to 11.7 Ϯ 3.1ЊC, with a mean of 9.7 Ϯ 1.9ЊC. In contrast, the broader range of the T e in the open extended from 8.3 Ϯ 1.0ЊC to 23.5 Ϯ 8.8ЊC, with a mean of 15.7 Ϯ 4.4ЊC. However, both T a in the shaded areas and T e in the open remained well below body temperature (T b ) of degus (37ЊC; Fig. 3) .
Unlike the strongly bimodal activity patterns of April (austral autumn), daily activity near the winter solstice was typically unimodal (Fig. 3) . Whereas the greatest abundance of animals appeared in open plots at the winter solstice (Fig. 3) , the greatest abundance of animals 2 months earlier occurred in the food-supplemented plots (Fig.  1) .
In general, surface activity of individuals in the cooler season of June (combined for all 4 plots) showed a maximal distribution between 10 and 30ЊC (Fig. 2B ). This range of activity temperatures was clearly outside the maximal distribution of available temperatures (i.e., temperatures below 10ЊC represent more than 50% of available time; see Fig. 2B ). As in the warmer conditions of April, we also obtained a significant ef-fect of both food and habitat cover on presence of degus (maximum likelihood 2 ϭ 9.23, d.f. ϭ 8, P Ͼ 0.05). Under cooler conditions (June), the overall number of individuals in open areas was 2.3 times that in shaded areas, which was a strong reversal of the pattern in April (Figs. 1 and 3) . Similarly, at the winter solstice, the plots with supplemented food contained 34% more individuals than did the plots without food, a smaller difference than that observed earlier in April (Figs. 1 and 3) .
DISCUSSION
Behavioral patterns are often interpreted as results of different selective pressures acting on a population (Garland and Carter 1994) . Our data indicate that aboveground activity in degus reflects a behavioral tradeoff between foraging and thermoregulation. Other factors such as predation risk have also been evaluated for their impact on the use of time and space in rodents (Brown 1999; Kotler 1984; Kotler and Blaustein 1995) . The value of habitat cover for reduction of predation risk has been demonstrated in previous investigations of degu populations (Jaksic 1986; Lagos et al. 1995a; Meserve et al. 1993) .
We conclude that the bimodal pattern of degu activity observed in open areas reflects behavioral avoidance of thermally stressful conditions during the middle of the day (Kenagy et al. 2002b ; Fig. 1 ). We observed that when T e exceeded T b in open areas, individuals remained active only in shaded areas (Fig. 1) . Our observation of avoidance of midday thermal conditions in open habitat in warm seasons is consistent with the demonstration by Rosenmann (1977) that degus show poorly developed physiological mechanisms for coping with environmental heat loads.
Spatial selection of shaded habitat represents another behavioral response of degus, which complements the avoidance of extreme heat in the open that we observed in response to seasonal and daily variation in thermal environmental conditions. The unimodal activity pattern associated with shade cover (Fig. 1) represents both a temporal and a spatial compensation for otherwise intolerable thermal conditions in open habitat during warmer seasons of the year. Within the experimental design of our observations, it is also clear that supplemental food contributed further to selection of shaded areas during the warmer season. However, our measurement of herb and grass cover also showed that more natural food was available in shaded areas than in open habitat.
Degu activity patterns in open habitat are generally bimodal in summer, as well as much of spring and autumn (Kenagy et al. 2002b) . In the present study we observed the transition from the typical bimodal pattern, in autumn ( Fig. 1) , to a strongly unimodal pattern, in winter (Fig. 3) , with degus found in the open throughout the middle of the day. A preference for activity under direct solar radiation in winter, when T e remains below T b and animals are not threatened with heat stress, offers an opportunity for absorption of solar radiation to provide thermal energy to degus, which they would have to generate endogenously, by increased metabolic expenditure, if they were active in the cool shade air. From the 2-factor design of our study it was also apparent that food availability positively affected winter activity in general, both in the open and in the shade. We are aware that an unknown proportion of our records may include repeated observations of same individuals. So, data pooling to perform the log-linear analysis may have biased the results, although we cannot estimate the extent of such potential bias (Leger and Didrichsons 1994) . Nevertheless, we consider that the clarity of the results (i.e., bimodal pattern in April, unimodal in June), which are similar to those evidenced for other small mammals, could have decreased such bias to some extent.
Our results suggest a hierarchical response in the behavior of degus to the interactive effects of thermal environment and food availability (see also Torres-Contreras and Bozinovic 1997). In the warmer season, individuals first tended to avoid exposure to solar radiation during midday and then selected shaded areas with food available. Near the winter solstice individuals preferred open areas, with a possible secondary effect of food availability, though this was not as strong as in the warmer season.
An additional perspective on the thermal preference of degus can be derived from the pooling of all our data on the distribution of activity according to environmental temperature, both in the open and shaded areas ( Figs. 2A and 2B ). The preponderance of activity sightings in the range of 20-30ЊC, despite the limited time availability of such conditions (Figs. 2A and 2B) , indicates an important match with the zone of thermal neutrality of degus (Rosenmann 1977) . This reinforces our conclusion that individuals compensate behaviorally to avoid thermal stress imposed by the daily and seasonal environment and, thereby, economize on expenditures for maintaining energy balance. Two different trade-off models are possible in this system. On the one hand, both intake and expenditure of energy can be maximized at times such as when demands including breeding or space maintenance are at stake. On the other, responses that maximize survival could simply be avoiding heat stress, selecting areas that promote economy of thermal and energetic homeostasis, and selecting areas with greatest food availability.
The patterns of diurnal activity of O. degus described here (see also Kenagy et al. 2002a ) are constrained by environmental temperatures in a manner similar to those of various diurnally active rodents of the squirrel family, Sciuridae Bartholomew 1981a, 1981b; Melcher et al. 1990; Sharpe and Van Horne 1999; Vispo and Bakken 1993) . The ground squirrel Spermophilus mollis has demonstrated a behavior pattern similar to that of degus in the shaded habitat (Sharpe and Van Horne 1999) . Those squirrels ceased activity in open grassland during midday in late spring and summer and showed a bimodal pattern; in sagebrush habitat they remained active throughout the day. However, sciurids differ from degus in their behavior and physiology. Unlike degus, some sciurids can utilize short-term periods of hypothermia resulting from activity under hot environmental conditions alternating with rest in the shade or burrows to dissipate excess body heat Bartholomew 1981a, 1981b) . The thermal range for survival and physiological dissipation of heat by degus under hot conditions appears to be very narrow compared with that of some diurnal squirrels (Bozinovic et al. 2000; Rosenmann 1977) .
Energy and time use depends on multiple factors. Physiological constraints and tradeoffs, which may change in time and space, are some of the less studied variables in behavioral ecology. Our results demonstrated that thermal heterogeneity and food availability seem to be important factors in determining space and time use in degus during the nonreproductive period. Under our experimental conditions, the behavioral decisions and shift in activity of degus involve a trade-off between the avoidance of thermoregulatory costs and the search for food.
RESUMEN
Analizamos la influencia de la temperatura ambiental (hábitat abiertos versus cerrados) y de la adición experimental de alimento sobre la actividad superficial del degu (Octodon degus), un roedor herbívoro diurno que habita en Chile central. Los degus mostraron un patrón bimodal de actividad durante las condiciones relativamente cálidas del otoño austral, mientras que su actividad fue unimodal durante las condiciones frías del invierno. Sin embargo, cuando experimentalmente aumentamos la disponibilidad de alimento y durante las condiciones cálidas a la sombra, los degus presentaron un patrón unimodal de actividad. Bajo todas las condiciones observamos más animales activos en las parcelas donde se agregó alimento. Nuestros resultados sugieren que los cambios temporales y espaciales en la actividad del degu involucran un compromiso entre evitar la exposición al calor extremo y la búsqueda de alimento.
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